Introduction
============

Urinary calculus is commonly encountered in urinary surgery, and its worldwide incidence has been constantly increasing in recent years ([@b1-etm-0-0-6765]). The cause of urinary calculus is complex and the major influencing factors include individual and environmental factors. Urinary calculus is likely to cause urinary tract obstruction, accompanied by dull or colic pain in the waist, hematuria and fever, which severely affects the quality of life and the health of affected patients ([@b2-etm-0-0-6765]--[@b4-etm-0-0-6765]).

Non-contrast helical computed tomography (NCHCT) is the gold standard for the diagnosis of urinary calculus, and provides accurate information, including the size, location, shape and amount of calculi. NCHCT provides a preliminary estimation of the hardness and fragility of urinary calculi by measuring the computed tomography (CT) value, which is the X-ray absorption coefficient of a certain tissue/material, and the volume of the calculus may be accurately calculated through the establishment of a three-dimensional reconstruction model.

After the first successful application of holmium laser to the urinary calculus ([@b5-etm-0-0-6765]), this technique has received increasing attention. Due to its precise and powerful fragmenting function and high safety, holmium laser has become one of the most popular treatments for urinary lithotripsy. Holmium laser is able to fragment the calculus more effectively than extracorporeal shockwave and other lithotripsy, and achieve a high calculus-free rate of \>90% ([@b6-etm-0-0-6765],[@b7-etm-0-0-6765]). Compared to other fragmenting equipment, holmium laser generates smaller fragments of the calculus, which are easier to discharge ([@b8-etm-0-0-6765]). Holmium laser treatment causes minimal injury to the surrounding area and is safer than other fragmenting operations ([@b9-etm-0-0-6765]).

Certain studies have demonstrated that the mechanism of holmium laser lithotripsy maybe a photomechanical effect. When the laser fiber is exposed to the calculus, the large energy is immediately absorbed by the internal and external water of the calculus. Cavitation bubbles are produced at the water-calculus interface and the shock waves produced by continuous rebound and countless bursting of the bubbles are transferred to the calculus, resulting in its fragmentation ([@b10-etm-0-0-6765],[@b11-etm-0-0-6765]). However, certain studies have refuted this view. Dushinski and Lingeman ([@b12-etm-0-0-6765]) proposed that the mechanism of fragmentation should be explained by the photothermal effect on urinary calculi. Chan *et al* ([@b13-etm-0-0-6765]) also reported that the major mechanism of holmium laser lithotripsy is the photothermal effect. The large energy of the holmium laser increases the temperature of the irradiated region and exceeds the threshold temperature. The heat causes a chemical breakdown of the calculus and weakens the structural integrity of the calculus, and it also contributes to the fragmentation of the interstitial water and vapor expansion.

Several parameters affecting the effect of fragmentation of calculi by holmium laser lithotripsy have been evaluated. Sea *et al* ([@b14-etm-0-0-6765]) reported that with the increase of the frequency of constant pulse energy, the crushing rate was not increased. Chawla *et al* ([@b15-etm-0-0-6765]) have reported that the crushing rate rises accompanied by the increase of the pulse energy, but it does not increase with the pulse frequency. Kronenberg and Traxer ([@b16-etm-0-0-6765]) indicated that the setting of a low pulse repetition frequency and high pulse energy achieved a higher crushing rate. Bader *et al* ([@b7-etm-0-0-6765]) suggested that with the same power setting, there was no significant difference in the fragmentation rate between different pulse durations. Furthermore, Kronenberg and Traxer ([@b16-etm-0-0-6765]) observed that at the same power level, a setting with a low frequency and high pulse energy is more efficient than high a frequency and low pulse energy. They also identified a linear correlation of the pulse energy with the size of the fragment, as well as with the width and depth of the fissure.

Previous theoretical and clinical studies on holmium laser lithotripsy mainly focused on the mechanism, influencing factors, applied range and therapeutic efficacy of the operation. Only a few studies have assessed the correlation between the parameters of NCHCT and the total energy of holmium laser lithotripsy ([@b17-etm-0-0-6765]). Few studies investigated the guidance of the energy use in holmium laser lithotripsy ([@b18-etm-0-0-6765]). The purpose of the present study was to investigate the correlation between the parameters of NCHCT and the total energy of lithotripsy (TEL), and to establish a correlative mathematical model.

Materials and methods
=====================

### Patients

A total of 125 patients with urinary calculi who presented at Shandong Provincial Third Hospital (Jinan, China) between March 2016 and February 2017, and who were scheduled for holmium laser lithotripsy, were enrolled in the present study. The present study was approved by the institutional review board of Shandong Provincial Third Hospital. All patients provided written informed consent prior to enrollment. Of all of the patients, 5 were excluded from the final analyses due to failure of their lithotripsy: In three cases, the calculi in the subrenal calyx were too secluded to be reached and fragmented effectively, and two cases of residual fragments sized \>4 mm after the procedure were encountered. Therefore, the present study collected valid data from 120 patients. Of the 120 patients, 77 were female and 43 were male, the age range was 26--78 years and the average age was 47.9±12.7 years.

### NCHCT examination

NCHCT examination was performed with a Philips Brilliance iCT 256 scanner (Philips Healthcare, Eindhoven, The Netherlands). All patients were examined one day prior to lithotripsy. The patients were fasted for at least 8 h to avoid any interference from intestinal gas and chyme on the results of the examination. The patients were requested to drink 500--1,000 ml water at 1prior to the examination to moderately fill the bladder.

The patients were scanned in a supine position with their hands on their head, and were requested to hold their breath during the scan. Image archiving and communication systems were used to extract the CT images of the patients. First, the position of each calculus was determined and the calculus was classified as either a renal calculus and a ureteral calculus according to its position, and the number of calculi was recorded. Furthermore, the three-dimensional reconstruction model of the calculus was established based on the CT images capturedon an Extended Brilliance Workspace workstation (Philips Healthcare), and its volume was calculated. The detailed procedures were as follows: i) The calculus was manually colored, ii) the remnant was incised around the calculus manually, iii) the three-dimensional image of the calculus was reconstruct, iv) the calculus volume was calculated using a computer ([Fig. 1](#f1-etm-0-0-6765){ref-type="fig"}). Third, the images were magnified by three-fold and the image of the calculus displaying the longest diameter was selected, in which the central region of 0.02 cm^2^ was selected as the region of interest and the CT value was measured. Another two adjacent images were used to measure the CT value of the region of interest ([Fig. 2](#f2-etm-0-0-6765){ref-type="fig"}). The average value of the three measurements was used as the final CT value of the calculus. It was divided into four grades: 1, CT \<400 Hounsfield units (Hu); 2, Ct=400--799 Hu; 3, CT=800-1,199 Hu; 4, CT ≥1,200 Hu.

### Lithotripsy

All lithotripsy treatments were performed by two surgical urologists (one with 5 years of experience and the other with 7 years of experience), and with a dual-wavelength holmium laser therapeutic machine (Power Suite 80/100w; Lumenis Ltd., Yokneam, Israel). The laser settings were as follows: Excitation/emission wavelengths of the laser fiber at 200/365 µm with an output energy of 0.5/0.6J and a pulse repetition rate of 20/35 Hz. During lithotripsy, the calculus was targeted and fragmented into pieces as small as possible. Taking the laser fiber as a frame of reference, all fragments sized \>4 mm were removed with a basket catheter. The total energy of the completed laser lithotripsy was recorded. The criterion for a completed laser lithotripsy was no residual fragment sized \>4 mm, and smaller fragments were expected to be spontaneously excreted. The efficacy of the lithotripsy was evaluated 1--2 days after performing an ultrasound and kidney, ureter and bladder X-ray.

### Statistical analysis

All statistical analyses were performed with the SPSS 17.0 software package (SPSS, Inc., Chicago, IL, USA). After the normality was determined by the Kolmogorov-Smirmnov test, Spearman\'s rank correlation analysis was used to assess the correlations between the TEL, and the location, the volume and the CT value of the calculi. Multivariate linear regression (forward selection method) was performed to formulate a mathematical model to estimate the TEL. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Overview of NCHCT

Concerning the calculus location, 48 patients (40.0%) had renal calculi and 72 (60.0%) had ureteral calculi. In terms of the calculus volume, the largest calculus was 1,347 mm^3^, the smallest was 254 mm^3^ and the average volume of the calculi was 485.35±195.349 mm^3^. The highest CT value was 1,475 Hu and the lowest CT value was 374 Hu, and the average CT value of the calculi was 927.27±275.186 Hu. Among them, 5 calculi (4.2%) were grade 1, 32 (26.7%) were grade 2, 63 (52.5%) were grade 3 and 20 (16.6%) were grade 4 ([Table I](#tI-etm-0-0-6765){ref-type="table"}).

### TEL correlates with the calculus location, volume and CT value

A strong negative correlation was identified between the TEL and calculus location (r=−0.819, P\<0.001); the TEL for the renal calculus was higher compared with the TEL for the ureteral calculus. There was a strong positive correlation between the volume of the calculus and the TEL (r=0.827, P\<0.001); larger calculus required higher TEL. A moderate correlation between the CT value of the calculus and the TEL was identified (r=0.468, P\<0.001); a calculus with a higher CT value required higher TEL. Multivariate linear regression analysis revealed that the location, the volume and the CT value of the calculus were independently associated with the TEL (P\<0.01; [Table II](#tII-etm-0-0-6765){ref-type="table"}).

### Establishment of the mathematical model

To estimate the TEL of different calculi, a multivariate linear regression model was established with the following parameters: Calculus location, volume and CT value ([Table III](#tIII-etm-0-0-6765){ref-type="table"}). After collinearity was eliminated and normality was tested ([Figs. 3](#f3-etm-0-0-6765){ref-type="fig"} and [4](#f4-etm-0-0-6765){ref-type="fig"}), the following multivariate linear regression equation was obtained: TEL (J)=753.328--328.835× calculus location (0=renal calculus; 1=ureteral calculus) + 0.940× calculus volume (mm^3^) + 0.421× CT value (Hu) (F=288.858, adjusted R^2^=0.879, P\<0.01). The adjusted R^2^ indicated that the energy variation based on the location, the volume and the CT value of the calculus accounted for 87.9% of the samples. The equation indicated that more energy was required for lithotripsy in patients with a renal calculus, a calculus with a larger volume and a calculus with a higher CT value.

Discussion
==========

The TEL required to fragment calculi varies depending on their specific features. Unguided use of energy in lithotripsy has certain disadvantages. Insufficient energy may not fragment the calculus effectively, while excessive energy may lead to a higher incidence of complications and adverse effects. If the TEL was to be estimated pre-operatively, the urologist would be able to predict the difficulty of the operation and arrange for a suitable type of anesthesia, operation monitoring and drug treatment, and the emergency program for high-risk patientsmay also be performed in advance. To facilitate the pre-operativeestimation of the TEL, a mathematical model correlating the parameters of NCHCT with the TEL was established in the present study, which may provide a foundation to guide the use of energy in holmium laser lithotripsy. The safety and efficiency of laser lithotripsy may be improved by preliminary estimation of the total energy required for holmium laser lithotripsy.

The present study indicated that the TEL required for renal calculi exhibited a significant difference from that required for ureteral calculi, with renal calculi requiring a higher TEL. A previous retrospective study by Molina *et al* ([@b17-etm-0-0-6765]) indicated that renal calculi required more energy than ureteral calculi, which was in agreement with the results of the present study. Although the exact reasons for this remain elusive, one conceivable explanation is that hydronephrosis or calyceal hydrocalycosis make the renal calculus more mobilized, while the location of ureteral calculus is relatively fixed. In the fragmentation of a renal calculus, the impact produced by holmium laser may cause the movement of the calculus, and the total impact of the laser fiber on the calculus is reduced. As a result, more pulses may be fired inefficiently and more energy is wasted.

In the present study, a strong correlation between the calculus volume and the TEL was identified, with larger calculi requiring more energy for fragmentation. In their retrospective study, Molina *et al* ([@b17-etm-0-0-6765]) determined a significant correlation between the calculus volume and the cumulative holmium laser energy. Blomley *et al* ([@b19-etm-0-0-6765]) performed a systematic review of holmium laser lithotripsy and reported that the required cumulative energy of lithotripsy was increased with the increase of the calculus size and mass. These results are consistent with the conclusion of the present study and it was possible to evaluate the TEL preferably by the volume of the calculus, which may serve as an important index of the evaluation of the TEL.

The present study also determined a correlation between the CT value of the calculus and the TEL, with a calculus with a higher CT value requiring a higher TEL. Zhang *et al* ([@b20-etm-0-0-6765]) reported that the CT value was able to effectively predict the fragility of urinary calculi and the shocking times of extracorporeal shock wave lithotripsy. Gupta *et al* ([@b21-etm-0-0-6765]) came to the same conclusion that the fragility of a calculus may be estimated based on the CT value, with a lower CT value of the calculus being associated with an easier fragmentation. Wang *et al* ([@b22-etm-0-0-6765]) indicated that the CT value may be used to quantitatively analyze the hardness of urinary calculi. The study suggested a positive correlation between the CT value of urinary calculi and their hardness, with a higher CT value indicating a harder calculus and a more difficult fragmentation. The CT value is the X-ray absorption coefficient of a certain tissue/material, and it is an index providing information on the density, with a higher CT value indicating a larger density. However, the hardness and fragility of a urinary calculus mainly depends on its chemical composition and inner structure, which has a high correlation with the CT value and may be used to estimate the major composition of calculus. Furthermore, the hardness and fragility of the calculus have a key role in the efficacy of lithotripsy, which exhibits marked differences for calculi with different hardness and fragility. Overall, calculi with different CT values have a different hardness and fragility, and the TEL is different.

In conclusion, the present study indicated a correlation between the parameters of NCHCT and the TEL. A mathematical model correlating the parameters of NCHCT with the TEL was established, which may provide a foundation to guide the use of energy in holmium laser lithotripsy. By providing a preliminary evaluation of the total energy required in holmium laser lithotripsy, NCHCT may be used to predict the difficulty of lithotripsy, and improve the safety and efficiency of lithotripsy.
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###### 

Parameters of non-contrast helical computed tomography.

  Parameters                Value
  ------------------------- ----------------
  Calculus location         
    Renal                   48 (40)
    Ureteral                72 (60)
  CT value (Hu)             927.27±275.186
  Grade                     
    1 (400 Hu)              5 (4.2)
    2 (400--799 Hu)         32 (26.7)
    3 (800--1,199 Hu)       63 (52.5)
    4 (≥1,200 Hu)           20 (16.6)
  Calculus volume (mm^3^)   485.35±195.349

Values are expressed as the mean ± standard deviation or n (%). Hu, hounsfield units; CT, computed tomography.

###### 

Results of Spearman\'s rank correlation analysis of the parameters of NCHCT and the total energy of holmium laser lithotripsy.

  Parameters          r        P-value
  ------------------- -------- ---------
  Calculus location   −0.819   \<0.001
  Calculus volume     0.827    \<0.001
  CT Value            0.468    \<0.001

CT, computed tomography.

###### 

Results of multivariate linear regression analysis of the variables estimating the total energy of holmium laser lithotripsy.

  Variables           B          SE       t        P-value
  ------------------- ---------- -------- -------- ---------
  Constant            753.328    67.941   11.088   \<0.001
  Calculus location   −328.835   32.965   −9.975   \<0.001
  Calculus volume     0.940      0.084    11.244   \<0.001
  CT value            −0.421     0.045    9.373    \<0.001

CT, computed tomography; B, partial regression coefficient SE, error of partial regression coefficient standard.
